Skin scar formation is a complex process that results in the formation of dense extracellular matrix (ECM) without normal skin appendages such as hair and glands. The absence of a scarless healing model in adult mammals prevents the development of successful therapies. We show that irreversible electroporation of skin drives its regeneration with all accessory organs in normal adult rats. Pulsed electric fields at 500 V, with 70 μs pulse duration and 1000 pulses delivered at 3 Hz, applied through two electrodes separated by 2 mm lead to massive cell death. However, the ECM architecture of the skin was preserved. Six months after the ablation, the epidermis, sebaceous glands, panniculus carnosus, hair follicles, microvasculature and arrector pili muscle were altogether re-formed in the entire ablated area. These results suggest a key role of the ECM architecture in the differentiation, migration and signalling of cells during scarless wound healing.
Introduction
Scars, caused by trauma or burn injury, remain an enigma throughout the long history of human medicine. Scar formation is a complex process involving the interplay of growth factors, proteolytic enzymes, angiogenesis factors and fibrogenic factors, which stimulate the increased deposition of extracellular matrix (ECM) by myofibroblasts (Duffield et al., 2013) . Numerous studies have identified genomic (Smith et al., 2008; Thompson et al., 2013) , epigenetic (Gibran, 2014; Russell et al., 2010) and environmental factors (Eto et al., 2012) that favour the formation of scars; however, the exact mechanisms inducing the formation of scar tissue rather than normal skin are unknown (Duffield et al., 2013) . Current data show that alterations in coagulation, inflammation, angiogenesis, fibroplasia, contraction, remodelling (DiPietro, 2013; Koh and DiPietro, 2011; Robson, 2003) and mechanical tension correlate with an increased proliferation of scars (Aarabi et al., 2007; Seifert et al., 2012; Wong et al., 2011) . But, as of yet, the role of the ECM and corresponding molecular mechanisms that induce scarring are not well understood, due to the lack of scarless regeneration in mammals. This gap of knowledge limits our fundamental understanding of tissue remodelling and leads to limited clinical success of the treatment of scars (Sonnemann and Bement, 2011) . Interestingly, recent studies reported decreased fibrosis in the liver tissue following tumour ablation in humans using irreversible electroporation (IRE); (Narayanan, 2011) .
Irreversible electroporation is a non-thermal tissue ablation technique, where pulsed electric fields cause irreversible damage to cells by creating nanoscale pores in the cellular membrane, while sparing the surrounding tissue scaffold, large blood vessels and other accessory structures (Golberg and Yarmush, 2013; Phillips et al., 2010; Rubinsky et al., 2007; Sano et al., 2010) . Several hypotheses describing the mechanisms of IRE-associated cell death have been proposed, including deformation of the cellular membrane lipid layer (Crowley, 1973; Michael and O'Neill, 1970; Steinchen et al., 1982) , altered phase transition (Sugár, 1979) , breakdown of interfaces between the lipid domains with different compositions (Cruzeiro-Hansson and Mouritsen, 1988) , or denaturing of the membrane proteins (Tsong, 1991) . However, all these explanations remain inconclusive (Weaver and Chizmadzhev, 1996) . Recently, investigators proposed that IRE induces aqueous pores in the lipid bilayer (Kotnik et al., 2012; Spugnini et al., 2007; Weaver and Chizmadzhev, 1996) , largely based on thermodynamic rationales, as the aqueous pores start by penetration of water molecules into the lipid bilayer when the applied pulsed electric field transmembrane potential threshold is achieved (Kotnik et al., 2012) . This leads to reorientation of the adjacent lipids with their polar head groups facing the water molecules forming stable pores (Kotnik et al., 2012) . When the IRE field creates large enough and constant pores, this could subsequently lead to cell death. IRE has been used in multiple clinical trials to ablate solid tumours (Chunlan et al., 2015) , and to treat cardiac arrhythmias (Deodhar et al., 2011) . Previous studies suggest that IRE causes cell death while preserving the ECM as well as the vasculature, and leads to tissue regeneration .
Our previous work has shown that mild pulsed electric fields lead to skin injury resulting in rejuvenation (Golberg et al., 2015b) . Furthermore, we have recently shown that completely ablated normal rat liver regenerates without fibrosis (Golberg et al., 2016a) , confirming the earlier hypothesis . In addition, we have also shown that partial IRE reduces scars after burn injury in rats (Golberg et al., 2016b) . The importance of the ECM for functional tissue regeneration has long been recognized, and multiple attempts of tissue engineering aspire to re-engineer the matrix architecture (Place et al., 2009) . However, the importance of naïve ECM organization in the wound healing has not been demonstrated in vivo, because of the lack of a suitable model. Based on these findings, we tested the hypothesis whether calibrated IRE treatment causes skin ablation associated with preservation of tissue ECM and scarless tissue regeneration in rats.
Materials and methods

Animals
Female Sprague-Dawley rats (~200 g, N = 104, 6 weeks old) were purchased in Charles River Laboratories (Wilmington, MA, USA). The animals were housed in cages with access to food and water ad libitum, and were maintained on a 12-h light/dark cycle in a temperaturecontrolled room. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the Massachusetts General Hospital. All procedures were in accordance with the guidelines of the National Research Council.
Irreversible electroporation
Prior to IRE treatment, animals (N = 5 per each time point) were anaesthetized with isoflurane. Their fur was clipped along the dorsal surfaces and treated with depilatory cream (Sally Hansen ® Div. Del Laboratories, Farmingdale, NY, USA). Subsequently, a designated area was subjected to electroporation using contact electrodes with a surface area of 1 cm 2 . Pulsed electric fields (PEF) specifications are as follows: 1000 pulses, 500 V, 2 mm gap between the electrodes, 70 μs duration, 3 Hz. Square pulses were delivered using a BTX 830 pulse generator (Harvard Apparatus, Holliston, MA, USA). Currents were measured in vivo using a PicoScope 4224 Oscilloscope with Pico Current Clamp (60A AC/DC) and analysed with Pico Scope 6 software (Pico Technologies, UK).
Numerical modelling of the electric field distribution
The electrical and thermal properties of the skin layers used for the modelling (QuickField Software, Terra Analysis, Denmark) appear in Table S1 (Hasgall et al., 2014; Pavšelj and Miklavčič, 2008) . Skin tissue features both electrical properties: resistance and capacitance. However, the charging time of the capacitive component of healthy skin is very small (~1 μs) in comparison to the pulse duration used in this study (70 μs; Weaver, 2000) . Thus, we used a direct current conductance model to calculate the distribution of the electric field in the heterogeneous skin. To estimate the local electric field strength at each point in the skin, we used the Laplace equation as follows:
where σ is the electrical conductivity (Siemens/m1), and U (Volts) is the electric potential. We calculated the electric field distribution in the different skin layers under the following boundary conditions applied on the two electrodes: cathode 0 V and anode 500 V. The thermal model for the similar electroporation setup was developed previously (Golberg et al., 2015b) .
Burn injury
Before the creation of third-degree burns, the animals (N = 5 per each time point) were anaesthetized with isoflurane and their fur was clipped along the dorsal surfaces. Burns were incurred by pressing the end of a pre-heated (≥ 95°C) brass block against the rat's dorsum for 10 s, resulting in a non-lethal, full-thickness, thirddegree burn, measuring approximately 1 cm and IRE were performed on the same animals on sites 2 cm apart from each other along the head to tail axis.
Polarization-sensitive optical coherence tomography
Polarization-sensitive optical coherence tomography (PS-OCT) was performed as reported in detail previously (Lo et al., 2016; Villiger et al., 2013) . In short, a wavelengthswept laser source operating at a centre wavelength of 1320 nm was used, achieving an axial resolution of 9.4 μ m and operating at an A-line rate of 54 kHz. Volumetric imaging was performed by scanning an area of 10 × 5 mm, consisting of 2048 A-lines/image × 256 images, with a focused beam featuring a lateral resolution of 15 μm. The lesions were apposed against a glass slide with ultrasound-gel as immersion liquid to centre the superficial layers in focus. Two-three volumes were acquired for each lesion and time point, overlapping the fields of view to image the entire lesions. The polarization state of the input light was modulated between circular and linear polarization between adjacent A-lines, and the signal was detected with a polarization diverse receiver. Longitudinal imaging was performed on three animals at 0, 6, 12, 24 and 72 h, and 1, 2, 3, 4, 5, 8, 12, 16, 20 and 24 weeks. The data were reconstructed with spectral binning (Villiger et al., 2013) , using 1/5 th of the spectral bandwidth, a lateral Gaussian filter with a full-width at half-maximum equal to 12 adjacent A-lines, and an axial offset of 48 μm to derive tissue birefringence. Tissue birefringence rotates the polarization state of the probing light, as visualized on the Poincaree-sphere, and is expressed in deg/μm. The degree of polarization (DOP) was evaluated independently for each spectral bin and input polarization state over the same lateral Gaussian kernel, and then averaged. DOP expresses the randomness of the measured polarization states in small neighbourhood and scales from 0 (completely random) to unity (uniform). The structural intensity tomograms are displayed in logarithmic scale as grey-scale images. Birefringence was mapped from 0 to 1.2 deg/μm with an isoluminant colour-map, and overlayed with the greyscale intensity image. DOP is scaled from 0.5 to 1, and is rendered in the same colour-map. For quantitative analysis, the various time points were aligned, and the mean birefringence and DOP over the identical central cylindrical region of diameter 1.4 mm and 0.25 mm height, centred 0.5 mm below the tissue surface, were computed. The errors were computed over the same region.
Laser Doppler scanning
A laser Doppler imager (Moor Instruments, Wilmington, DE, USA) was used to assess blood flow. The laser Doppler source was mounted on a movable rack exactly 10 cm above the dorsum of the rat after the animal was anaesthetized and restrained on the underlying table. Five animals were imaged at each time point. The laser beam (780 nm) reflected from circulating red blood cells in capillaries, arterioles and venules was detected and processed to provide a computerized, colour-coded image. By using image analysis software (Laser Doppler Perfusion Measure, Version 3.08; Moor Instruments), mean flux values representing blood flow were calculated from the relative flux units for the areas corresponding to the dorsum of the rats. The analysed region of interest was 0.25 by 0.25 cm. Baseline images were obtained from each rat before treatment was administered. Then, the rats were treated by IRE or burn, and serial laser Doppler images were obtained subsequently. For analysis, we calculated the ratio of the mean flux value at the centre of the treated area (black box, Figure 7q ) with the mean flux value at the edge of the treated area (white box, Figure 7q ).
Skin mechanical properties measurement
To assess skin mechanical properties, we performed tensile mechanical testing on excised samples. Skin at the treated sites (1 cm 2 ) was excised at 1 day, 3 days, 1 week, 3 weeks, 2 months and 6 months (five animals per time point). Skin samples were placed in standard saline solution before tension measurement. Tension measurements were performed within 1 h after the excision. Before measurement, the thickness of each sample was measured. Skin samples were mounted on the Expert4000 tensiometer (ADMET, MA, USA). The load was applied using a 1000 g-Tension-1344004 transducer. 'Stress at extension'-type of analysis was chosen on the MTESTQuattro software (ADMET, MA, USA). Stress was applied using a ramp waveform to cause a 2 mm/min extension rate. The elongation/stress data were exported to Microsoft Excel ver.7. Young's modulus was extracted from the linear part of the stress-strain curve using the following equation 2:
where Y (N/mm 2 ) is the elastic Young's modulus, F (N) is the applied force, A 0 is the cross-section of the skin samples, ΔL (mm) is the elongation of the skin sample under force, and L 0 (mm) is the original length of the tested sample.
Histopathology Core at Harvard Medical School. Slides were evaluated by three individual investigators, including an experienced dermatopathologist. Two investigators were blinded to the origin of the specimens. Colour images of each entire tissue section were acquired using a NanoZoomer Digital Pathology System (Nanozoomer 2.0-HT slide scanner, Hamamatsu, Hamamatsu City, Japan).
2.9. Automated image analysis of trichrome stain for fibre density and orientation Fibre density and orientation were calculated from images of Masson's Trichrome-stained sections using previously established image processing algorithms (Quinn et al., 2015) . Briefly, collagen fibres were identified from the images (five animals at each time point) where the ratio of blue-to-red intensities exceeded a value of 2. Local fibre density was determined by the relative amount of collagen-positive pixels within a 90 pixel radius. Fibre orientation surrounding each image pixel location was also computed, and directional statistics were employed to compute the local directional variance of the fibres within a 50 pixel radius. Directional variance provided a metric that was inversely proportional to the strength of fibre alignment in a preferred direction. Subregions of 300 × 700 μm corresponding to the centre of the PEFtreated tissue region were defined through blinded evaluation of the original Trichrome images, and the average fibre density and directional variance were computed from each subregion.
Quantification of morphological markers
To quantify the effects of IRE and burns, we quantified (five for each treatment and each experimental point) the whole skin thickness, stratum coreum thickness, epidermis thickness, dermis thickness, fat layer thickness and muscle layer thickness at least at 25 locations and five sections obtained from different animals killed at the same time point. The number of viable hair follicles, sebaceous glands and arrector pili muscles, and viable nerves was counted per 2 mm of line parallel with the epidermis. Fibroblasts were counted in five fields of view (150 × 500 μm) on each section. The total number of mast cells, stained with Toloiden, was counted in three fields of view (20 × magnification) per slide.
Immunohistochemistry of rat skin tissue
Eight-micrometere-thick paraffin-embedded tissue sections on glass slides were baked at 56°C for 30 min followed by deparaffinization in xylene and rehydration in graded alcohol into water. Antigen retrieval was performed by boiling the slides in 10 mM sodium citrate buffer pH 6.0 for 30 min. Tissue sections (five animals for each treatment and each experimental time point) were permeabilized with 0.1% Triton X-100. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide in 60% methanol for 30 min. Biotin activity was blocked with Avidin-Biotin blocking reagent kit (Life Technologies, Grand Island, NY 004303, USA). Nonspecific proteins were blocked with 5% animal serum corresponding to the host species of the secondary antibodies. Tissue sections were incubated overnight with mouse monoclonal antibodies diluted in 5% horse serum that recognize the following proteins; p63 (Biocare, CM163A, 1:200), Nestin (AbCam #6142, Cambridge, MA, USA, 1:200) and BMP-4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, SC-393329, 1:100), followed by 60 min incubation with horse-anti mouse biotinylated secondary IgG diluted 1:300 (Vector Laboratories). The following rabbit polyclonal antibodies were diluted in 5% goat serum and used to recognize the following proteins; Nephronectin (Abcam #64419, Cambridge, MA, USA, 1:100), Laminin (Abcam #11575, Cambridge, MA, USA, 1:200), followed by incubation with goat antirabbit peroxidase-conjugated IgG (Cell Signaling #7074, 1:200). After washing, slides were incubated with biotinylated secondary IgG at 1:300 dilutions (Vector Laboratories) for 60 min at room temperature followed by incubation with avidin/biotinylated enzyme complex reagent (ABC kit, Vector Laboratories PK6100) for 30 min. The following goat polyclonal antibodies were diluted in 5% horse serum and used to recognize FGF-5 (Santa Cruz Biotechnology, SC-1363, 1:100) or LEF-1 (Santa Cruz Bitechnology, SC-8591, 1:100). Finally, rabbit polyclonal antibodies diluted in 5% goat serum were used to recognize Cytokeratin-17 (Santa Cruz Biotechnology, SC-101931, 1:100) or Collagen-IV (Abcam, 6586, 1:50). The relevant slides were incubated with either horse anti-goat or goat anti-rabbit peroxidase-conjugated secondary IgGs (Vector Laboratories, Burlingame, CA, USA, 1:200) for 60 min at room temperature. Specific proteins were visualized by reacting the slides with 3,3 0 -diaminobenzidine substrate in the presence of hydrogen peroxide in a reaction buffer (Vector Laboratories SK4100). Tissue sections were briefly counterstained with Gill-haematoxylin. Slides were briefly dehydrated and then mounted with Histomount solution (Life Technology, Grand Island, NY 008030, USA). Colour images of each entire tissue section were acquired using NanoZoomer Digital Pathology System (Nanozoomer 2.0-HT slide scanner, Hamamatsu, Hamamatsu City, Japan).
TUNEL apoptosis assay
Eight-micrometre-thick paraffin-embedded tissue sections on glass slides were baked at 56°C for 30 min followed by deparaffinization in xylene and rehydration from graded alcohol into water. Antigen retrieval was performed by incubating the slides in a microwave oven at 752 W for 5 min in 100 mM sodium citrate buffer pH 3.0. Then the slides were washed in phosphate-buffered saline (PBS) for 15 min. Additional treatment in microwave at 752 W for 5 min in 100 mM sodium citrate buffer pH 3.0 and rinse in PBS. Next, the slides were treated with proteinase K (Sigma, IS, 20 μg/mL) for 15 min at room temperature. The non-specific proteins were blocked by incubation in 20% normal bovine serum for 30 min at RT. The slides were washed three times in PBS for 3 min. TUNEL assay reagents (Molecular Probes, CA, USA) were prepared and the assay was used according to manufacturer's protocol.
Transmission electron microscopy
Tissues were fixed in 2.0% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences, Hatfield, PA, USA) overnight at 4°C. They were rinsed in buffer, post-fixed in 1.0% osmium tetroxide in cacodylate buffer for 1 h at room temperature, rinsed in buffer again, and dehydrated through a graded series of ethanol to 100%, followed by 100% propylene oxide. They were then infiltrated with Epon resin (Ted Pella, Redding, CA) in a 1:1 solution of Epon:propylene oxide overnight at RT on a rocker. The following day they were placed in fresh Epon for several hours and then embedded in Epon overnight at 60°C. Thin sections (70-80 nm) were cut on a Leica EM UC7 ultramicrotome, collected onto formvar-coated grids, stained with uranyl acetate and lead citrate, and examined in a JEOL JEM 1011 transmission electron microscope at 80 kV. Images were collected using an AMT digital imaging system (Advanced Microscopy Techniques, Danvers, MA).
Cytokines/chemokine/growth factor determination
Tissue was harvested at 6 h, 2 and 5 weeks after injury (three animals per injury and time point), immediately flash frozen in liquid nitrogen and kept at À80°C. In this study, only one type of injury was done for each animal, to avoid paracrine effects. The centre of the IRE-treated area was excised and proteins were extracted in CelLytic ™ MT Cell Lysis Reagent, C3228 (Sigma, MO) mixed with Protease Inhibitor Cocktail P8340 (Sigma, MO), which was homogenized using Mini-Beadbeater-1 (Biospec, OK) with 5.5 g/cc density zirconia beads (Biospec, OK). Tubes with the buffer and beads were shaken four times for 15 s at 1-min intervals, and then the tubes were kept on ice. Immediately after the extraction, total protein was quantified using 660 nm Protein Assay reagent (Pierce, IL). All samples were then diluted to a single concentration; quantification of cytokines, chemokines and growth factors was performed using MILLIPLEX MAP Rat Cytokine/Chemokine Magnetic Bead Panel and TGF-beta 3-Plex Array (Eve Technologies, Calgary, AB, Canada). After quantification, the concentration of each factor was normalized to the total protein concentration of each sample.
Statistical analysis
Statistical analysis was performed with the statistics toolbox of MATLAB, R2009b (MathWorks, Natick, MA).
For all values besides cytokine analysis, data reported are means ± STD of the mean. Statistical analysis was performed by use of the unpaired, one-tailed, t-test if not stated otherwise. Significance was set at P < 0.05. In the cytokine analysis assays, the correction for the Pvalue was made assuming 26 independent events, and thus the significance in the expression differences was set for P < 0.002; data reported are means ± STD.
Results and discussion
To assess the effects of IRE on normal skin ablation and the subsequent regeneration process, we ablated an area of 1 cm 2 of shaved dorsal skin of female Sprague-Dawley rats with pulsed electric fields (Figure 1a ). Full-thickness third-degree thermal burns that typically lead to scar formation and prevent accessory organ regeneration were used to compare the outcome of IRE treatment. The following IRE treatment parameters were used to minimize the thermal effects of pulsed electric fields on tissue: applied voltage (E) 500 V, 2 mm gap between electrodes, pulse duration (t p ) 70 μs, pulse delivery frequency (f) 3 Hz, total number of pulses (N) 1000, delivered in groups of 100 with 1 s interval between groups. Notably, this IRE dose is an order of magnitude larger than the doses currently used for the ablation of solid tumours (Philips et al., 2013) . The experimentally measured current (Figure 1b) revealed a continuously increasing current with increasing pulse number, indicating a successful membrane electroporation effect (Ivorra et al., 2009) .
Depending on the strength of the local electric field, pulsed electric fields can lead to IRE or reversible electroporation of the membrane, or can have no effect (Yarmush et al., 2014) . IRE is achieved when the transmembrane potential exceeds a certain threshold value (Yarmush et al., 2014) . To understand the effects of pulsed electric fields on cells in the skin, it is necessary to estimate the electric field distribution throughout the complex tissue structure. This can be challenging, as the skin is a heterogeneous organ, composed of multiple compartments with distinct electric conductivities (Pavšelj and Miklavčič, 2008) . To this end, we generated a finite element model, modelling the skin as discrete layers (Figure 1c) . The numerical simulation reveals a reduction of the electric field strength in the layers of skin closest to the electrodes (stratum corneum, epidermis and dermis; Figure 1d ). An additional drop occurs in the panniculus carnosus. The strongest electric field develops in the subcutaneous tissue layer, which can be exposed to a field strengths that is fourfold higher than the epidermis and dermis areas and fivefold higher than the panniculus carnosus.
To investigate the temporal evolution of cutaneous injury and regeneration of skin structure following IRE treatment in rats, we longitudinally imaged individual lesions at multiple time points in vivo with PS-OCT (Lo et al., 2016; Villiger et al., 2013) . We have recently established the methodology for PS-OCT imaging of hypertrophic scars in a rat model (Lo et al., 2016) . In addition to providing structural information, PS-OCT also measures the polarization properties of the sample. By analysing how the polarization state of the scattered light changes as a function of depth, a measure of tissue birefringence can be obtained. Regularly arranged collagen fibres are the most prominent source of birefringence in tissue detected by PS-OCT. The collagen fibre thickness and density correlate with higher birefringence values. In contrast, if collagen fibres are present, albeit arranged irregularly on a size-scale smaller or comparable to the focal volume of OCT (10 × 15 μm), then the measured polarization states change randomly between adjacent pixels, which manifests as a reduction of the DOP. This is the case for the intercalated arrangement of collagen fibres in normal skin, resulting in a rapid decrease of the DOP and an irregular appearance of birefringence values. Together, these polarization parameters provide important cues on collagen organization, quantity and morphology.
For histological assessment, we harvested samples immediately (T = 0), or at 6 h, 12 h, 24 h, 3 days, 1 week, 3 weeks, 8 weeks or 24 weeks after the IRE and burn injuries. IRE-ablated skin (IRES) appeared blanched immediately after the injury. In the samples harvested immediately after the injury, histological observations showed marked thinning of the dermis and panniculus carnosus with evident diffused necrosis of the epidermis with marked parakeratosis ( Figure S1a ). Superficial sebaceous glands also showed degenerative necrosis ( Figure S1a ). Superficial vessels all showed compaction of red blood cells and focal pignosis of endothelial cells ( Figure S1a , insert, arrows). There were dilated lymphatics towards the deeper portion of the specimen and in the subcutanous tissue ( Figure S1a , yellow arrow). Mast cell degranulation was observed in the muscle and lower dermis muscle and subcutaneous fascia ( Figure  S1a , insert). Multiple skeletal muscle fibres showed scattered more centralized nuclear localization, unlike the normal peripheral localization (Figure S1a, arrow) . Six hours after ablation, the epidermis in the IRES was completely necrotic with extensive ulceration without visible intraepidermal abscesses ( Figure S2 ). The hair follicles showed extensive destruction with marked pignosis of various layers. Subcutaneous fat and the dermis appeared collapsed. Panniculos carnosus muscle showed areas of complete loss of striation and fragmentation of fibres. The initiation of infiltration of neutrophils and leucocytes was observed. The dermal vessels in the upper half of the dermis showed compaction and red blood cell plugging ( Figure S2 ). The vessels in the lower dermis also showed compaction, but mostly had Massive cell apoptosis in all skin layers was detected at 6, 12 and 24 h after IRE (Figure S3b-d) . Twelve hours after ablation (Figure 2a) , multifocal areas of inflammatory cell infiltration of the necrotic epidermis as well as in the superficial papillary dermis were observed. We found subcorneal abscess formation in the papillary dermis associated with neutrophil accumulation. The epidermis and the superficial external root sheath of hair follicles were all necrotic. The papillary dermis and reticular dermis showed oedema and all small venous were congested. Severe oedema was also observed in the subcutaneous fat, nerves and the muscle, where the muscles appeared separated. The vessels showed thrombus formation with little neutrophil infiltration. The muscle fibres showed an intense infiltration of neutrophils and were associated with focal loss of striation. Twenty-four hours after ablation, the epidermis showed complete necrosis (Figure 2b ). The hair follicles and sebaceous glands in the ablated areas were completely necrotic. There were multiple neutrophils scattered throughout the dermis. Many more vessels had denuded endothelium. By 12 h, severe oedema persisted in the dermis and in the muscle. Nerves looked swollen and degenerated in several locations with pyknotic nuclei of Schwann cells. Muscle fibres were fragmented, lost striation and were infiltrated with leukocytes (Figure 2b) .
Three days after IRE, the ablated area was mostly necrotic (Figure 2c ) with rare apoptotic cells ( Figure  S3e ). The areas of IRE skin were very clearly demarcated in the dermis and epidermis from the less affected skin on either site (Figure 2c ). Its basic fibrillar architecture in the IRES was still present. In contrast, in the burned skin the architecture was completely lost immediately after injury. Most of the IRES was acellular. However, a band of neutrophils and lymphocytes started to form and separated affected dermis from less affected dermis (Figure 2c, arrow) . The subcutaneous fat was not vital, but necrotic in all treated samples. Leftovers of hair follicles, completely necrotic, were observed. The nerves showed oedema and vascularization. Panniculus carnosus was necrotic. No significant angiogenesis at the periphery of the IRES area was detected 3 days after the ablation (Figure 2e ). Massive accumulation of epithelial cells, strongly expressing p63, was detected on the periphery of the ablated area at 3 days after IRE (Figure 2g, arrow) . At 1 week after the IRE, the ablation area was sharply demarcated (Figure 2d, numbers indicated the zones) . The most superficial zone was covered by stratum corneum and showed eosinophylic material composed of multiple fibrils including ghost-like remnants of epidermis. Focally, there were bands of bacteria that formed aggregates in the eosinophilic-like epidermis (Figure 2d , green arrow). Scattered colonies of bacteria were present also in the eosinophilic dermal remnant. At the base of this superficial necrotic area there was a striking band resembling infiltrating neutrophils that completely separated the non-damaged, acellular dermis from the ghost-like infected dermis (Figure 2d , black arrows).
The second band was the zone of retention of normal collagen architecture but with swollen fibres and prominent hypocellularity. Few scattered fibroblasts and neutrophils were also observed. This zone incorporates the small portion of subcutaneous fat and area of marked degradation of muscle fibres that show some areas of calcification of fibres outlining the striations. No nerves, hair follicles or sebaceous glands were observed in the altered areas.
The third zone was the deep fascia with prominent cellularity comprised with fibroblasts and mast cells with apparent regeneration of collagen fibres and numerous scattered mast cells. In the area of the muscle the altered muscle cells were associated with moderate lymphocyte and neutrophil infiltration. There were signs of mitosis of the muscle cells. Massive angiogenesis was detected in the border between the viable and the ablated skin (Figure 2f , arrow indicates the formation of new small blood vessels as detected with nesting staining; Matsuda et al., 2013) . Epidermal growth was detected to be originating from the areas of viable skin localizing into the areas of ablated skin. The cells that originated from the area of the non-ablated skin were detected in the border zone of the growing epidermis and stained positive for p63, ker17 and Lef-1 (Figure 2h-j) .
Our findings suggest that the early events following IRE treatment indicate an ongoing cellular loss that partially starts during the acute phase after treatment and may last for up to 1 week after ablation. Partial regeneration of certain skin layers, epidermis and panniculus carnosus start as early as 3 days after ablation. Because of continuous infiltration of inflammatory cells to the IREtreated area, it is very difficult to assess cellular viability in the ablated area using markers of metabolic activity. The morphological assessments of samples obtained at 1, 3, 8 and 24 weeks after IRE are summarized in Table 1 .
Preservation of the tissue architecture particularly sparing the ECM and large structures are major characteristics of IRE ablation as compared with other ablation methods (Golberg et al., 2015a; Lee et al., 2010; Rubinsky, 2007; Rubinsky et al., 2007) . However, very limited data are available on how this property affects scarless tissue regeneration (Golberg et al., 2016a; Phillips et al., 2010; Phillips et al., 2012) . In this study, we compared the skin structure following IRE with the skin structure after third-degree burn, which is known to destroy tissue architecture. In contrast to the burn injury, IRE did not change the ECM architecture as detected immediately after the ablation by both in vivo PS-OCT and histopathological analysis (Figures 3, S1 and S4 ). Histological sections of samples harvested immediately after the injury showed a 27% thinning of the IRES sample in comparison with untreated control skin (CS); burned skin (BS) thickness was unchanged in comparison with CS (Table 1 ). The stratum corneum was preserved in the IRES (Figures 3f and S1a), but was destroyed in the BS (Figures 3k and S1c) . The epidermis cells were necrotic in both IRES and BS (Figures 3f,k and S1a,c). The dermal collagen showed a normal, reticular, intercalated structure of collagen fibres in the IRES, but not in the BS, where collagen bundles lost their clear outlines and inter-bundle spaces, and appeared congealed together, forming a ground substance (Figure 3h vs. m). The collagen fibre density and orientation were similar between IRES, BS and CS (Figures 3q and S6 ). In IRES, the elastin fibres appeared fragmented and clumped especially around the appendages (Figures 3i and S1b) ; however, their orientation was not different from the orientation of elastin fibres in the normal skin (Figure 3  d) . In BS, the elastin fibres were clumped and fragmented in the lower part of the dermis, different from the normal elastin fibres that have a random orientation (CS; Figures 3n and S1d). Additional ECM proteins (laminin, collagen IV and nephronectin) appeared intact in IRES, but scattered or not visible in BS (Figures 3j,o and S4 ). Using PS-OCT, birefringence and DOP, we showed that the IRES values were not different from CS immediately after injury, but were significantly different compared with BS (decreased by 72% and increased by 55% for birefringence and DOP, respectively; Figure 3g ,l,p). This is consistent with previous reports where using PS-OCT (Park et al., 2001) found that in BS collagen is denatured and loses its birefringence, explaining both the reduction in birefringence and the increase in DOP.
In contrast to burn injury that completely destroyed skin architecture, IRE preserved the skin microarchitecture and affected mostly the cell membranes. One week after injury, in striking contrast to BS, IRES still showed an almost completely preserved stratum corneum, preservation of a majority of the basement membrane and the intercalated structure of the collagen in most parts of the skin (Figures 2d, and  S5 ). The preservation of the ECM in IRES resulted in a strikingly different pattern of inflammatory cells migration and sequestration compared with BS as described above. BS did not show this type of demarcation, and there was infiltration of neutrophils throughout the entire affected skin at both 24 h and 1 week after the injury (Figures 6c,e , and S5e). The polarization properties measured with PS-OCT at 1 week revealed a gradual decrease of birefringence for IRES by À33% as compared with CS, and an increase of 25% for the DOP compared with CS (Figure 6a,d,l,m) . This finding indicates either a decreased integrity of the collagen fibres, or secretion of new uncrosslinked collagen, thereby reducing the birefringence and depolarizing power. PS-OCT at 1 week after BS revealed no significant change compared with the values immediately after injury, with a birefringence reduced by 57% and a DOP increased by 51% compared with CS (Figure 2a,e,l,m) . One week after injuries, the BS formed a extensive scab, which fell off about 11 days after the injury (Figures 2e, and S5e-h). In contrast, IRES did not form a significant scab, but instead displayed partial sloughing of the superficial layers of the skin 10-14 days after ablation.
We further investigated the wound-healing processes at up to 6 months following injury. Three weeks after injury, IRES exhibited multiple foci of normal collagen with normal fibre bundle architecture separated from other foci that appeared to be connected to one another by tracks of cells that were associated with an eightfold increase in fibroblasts (Figure 4a,b,d ). We also observed substantial deposition of newly formed uncrosslinked collagen ( Figure 4b ) associated with the appearance of multiple small blood vessels in the area (Figure 4c ). Unlike BS injury, which did not show regeneration of skin appendages, 3 weeks after the injury the epidermis of IRES displayed some bulging of epidermal cells (Figures 4d, arrow , and S7-S9), forming small plug-like areas associated with invaginations of small basoloid cells that form very discrete nests (Figure 4a, arrows) . In other areas, there was a proliferation of basaloid cells spreading down from the epidermis forming structures that resembled hair papilla. In some fields, the basaloid proliferation was directly correlated with granularity of the epidermis similar to a follicular orifice (Figure 4a ). The forming follicles showed increased expression of folliculogenesis and hair growth regulation markers including laminin (Li et al., 2003a; Tamiolakis et al., 2001) , collagen IV (Tamiolakis et al., 2001) , nephronectin (Toyoshima et al., 2012) , p63 (Ehama et al., 2007) , ker17 (Ito et al., 2007) , FGF-5 (Hébert et al., 1994) , Lef-1 (Ito et al., 2007) , BMP-4 (Millar, 2002) and nestin (Li et al., 2003b) 3 weeks after the injury (Figures 4, and S7-S9) . These results show faster hair growth in IRES than the previous work of Ito et al. (2007) who observed "epidermal downgrowths that resembled developing embryonic hair follicles" 14-19 days after the excisional wound (Ito et al., 2007) . This rapid regeneration process can be related to the preservation of ECM following IRES similar to what has been described in the excisional wound-healing model. Ratio to the control skin is shown. In bold, significant changes between the treated skin compared with control skin (P Two months after the injury, IRES showed remarkable remodelling of skin with its appendages; however, the epidermis was still significantly (P < 0.05) thicker than the CS, indicating that the remodelling process was persistent (Figure 5a-d) . IRES completely restored its visual appearance 6 months after the injury (Figure 5e-h ). The only difference between IRES and CS was the higher melanin level in IRES, giving the skin a tanner hue. Restoration of the polarization properties was observed in IRES by longitudinal in vivo imaging using PS-OCT (Figures 5f, and 6l,m) . Despite the differences in the initial response to injury, we detected similar polarization properties in both IRES and BS evident by low birefringence, paired with a high DOP, characteristic of the small, freshly synthesized thin collagen fibres and macroscopically homogenous appearance (Figure 6f,g,  l-o) . Subsequently, the maturing collagen fibres caused an increase in birefringence, observed in both IRES and BS (Figure 6h-l) . The dense alignment of the collagen fibres in the burn scars (Figures 6n and S6) only marginally disturbed the polarization state of the probing light, achieving a high DOP throughout the entire 6-month period of this study (Figures 5f and 6i,k,m-o) . In contrast, the haphazard organization of the collagen and the appearance of skin appendages in the regenerating IRES resulted in a marked decrease of the DOP with time, achieving values comparable to CS 6 months after injury (Figures 5f-h and 6h,j,m-o) .
The total thickness of IRES injury was not different from the thickness of the normal, untreated skin starting (p) Birefringence and DOP, measured in vivo with PS-OCT, of IRE and burned skin in comparison to non-treated control skin. (q) Changes in fibre density and orientation variance after the IRE and burn injury as detected by the computational analysis of the histological slides ( Figure S2 ). Star indicates significant difference compared with control skin (P < 0.05). Five animals were used per group for histology (n = 5). Three rats were used for the PS-OCT (n = 3) [Colour figure can be viewed at wileyonlinelibrary.com] from 3 weeks after the injury (P = 0.3). The BS, however, showed a 35% increase in the skin thickness 3 weeks after the injury, and did not recover to the normal thickness until 6 months after the initial burn (Table 1) . Both IRES and BS showed a hyperkeratosis with a doubling of the stratum corneum 3 weeks after the injury, resolving at 6 months for IRES (P = 0.09 with CS), but not resolving in the BS. A threefold thickening of the epidermis in the IRES and fivefold thickening in the BS were observed 3 weeks after the injury, which resulted in a near doubling of Young's modulus in the BS skin (Figure 6p) . Notably, the epidermal thickness of IRES was only twofold larger than CS 2 months after the injury and completely restored to the original thickness at the 6 month time point (P = 0.45); however, the BS epidermal thickness remained 2.5-fold thicker than CS even 6 months after the injury.
After 2 months of remodelling, the collagen in the IRES became thicker than in CS, the fibres were more dense, multifocal and exhibited a pattern resembling normal reticular dermis (Figures 5 and 6h,n,o) , resulting in the gradual increase of birefringence and reduction of DOP as observed with PS-OCT (Figures 5 and 6l,m) . Six months after injury, IRES exhibited many intercalated fibres with normal skin structure; however, the interfascicular spaces were reduced in comparison with CS ( Figures 5 and 6j,n,o) . The number of fibroblasts was not different between IRES and CS (P = 0.28; Table 1 ). In contrast to IRES, BS showed an obvious scar without any intercalated collagen fibres 6 months after the injury (Figures 6k,n,o and S1 ). The number of fibroblasts in BS was 2.5-fold higher than in CS even 6 months after the injury (Table 1) .
Hair folliculogenesis resulted in the formation of mature hair, sebaceous glands and arrector pili muscle 2 months after the injury, with restoration of the original number of hairs and other skin appendages 6 months after the injury (Table 1 ; P = 0.1). The hairs in IRES (2 and 6 months after the injury), in contrast to CS, featured follicle complexes consisting of three-four individual hairs ( Figure S10 ). Interestingly, BS at 2 and 6 months likewise showed a few attempts of folliculogenesis, evident by a single bulging of the epidermis; this, however, did not progress to the formation of the hair papilla, presumably due to the extensive collagen deposition in the underlying tissue, inhibiting the hair development.
In both IRES and BS, panniculus carnosus completely reformed 2 months after the injury (Figures 5 and 6h,i ; Table 1 ). Six months after the injury, the muscle fibres, however, showed hypertrophy and a loss of intermuscular spaces ( Figures 5 and 6j,k) . The striation of the muscle fibres appeared normal with only some single cells still exhibiting loss of striation. Most of the nuclei were present in the site-centre of the fibres. Vasculature in both IRES and BS showed a marked dilation in multiple vessels 3 weeks after the injury (Figures 5 and 6f,g,q) . The vasculature in the dermis of IRES resembled that of CS 6 months after the injury (Figures 5 and 6j,q) . In contrast, 6 months following the injury, the vasculature of BS exhibited larger vessels, oriented perpendicular to the axis of the epidermis (Figure 6k,q) .
In addition to histological evaluation and in vivo PS-OCT imaging, we compared the protein levels of selected cytokine and growth factors, which are known to mediate tissue degeneration and remodelling using multiplex technology. We analysed skin protein extracts from samples obtained from rats subjected to IRES and BS at 6 h, and at 2 and 5 weeks after the injury (Table 2) . We found that 6 h after the injury, IRES showed higher expression of MCP-1 and TNF-α protein levels compared with BS (P < 0.002). Two weeks after injury following scab sloughing off the skin, the IRES showed a significantly lower expression of MCP-1 and MIP-1α than BS (P < 0.002), while both levels were higher than in CS. Importantly, previous studies in humans with alopecia areata have found increased expression levels of MCP-1, and proposed to prevent the overexpression of this chemokine for alopecia treatment (Benoit et al., 2003) . Our study provides additional clues on the importance of MCP-1 in promoting skin appendage development as its increased level was associated with scar formation and absence of folliculogenesis at the late phase of BS skin remodelling in contrast to IRES injury (Tables 1 and 2 ). Previous animal studies have shown that the decreased levels of MIP-1α lead to less collagen synthesis in murine wounds (DiPietro et al., 1998) . Our results show that BS expresses significantly higher levels of MIP-1α compared with IRES that regenerates without scars ( Table 2 ). The levels of the MIP-1α in the IRES are still higher than its levels in the CS, and are associated with the normal wound-healing process.
The hypothesis that preserved ECM enhances tissue healing was described decades ago (Yannas et al., 1989) , and there are many studies suggesting that introducing ECM-based scaffolds can improve healing and result in better regeneration results (Berthiaume et al., 2011) . However, none of these studies could provide an in vivo evidence of the importance of naïve ECM organization. Many investigators over the last decade showed that fetal wounds demonstrate scarless healing (Coolen et al., 2010) ; however, fetal wounds are different from the adult tissues in their chemical composition, lack of inflammatory response and ECM structure. To study tissue regeneration in vivo, several animal models have been used including amphibians (Song et al., 2011) , rabbits (Ramos et al., 2008) , pigs (Ramos et al., 2008) and mice (Ito et al., 2007) . De novo skin appendages regeneration in the wound area has been reported during the last 60 years in mice (Ito et al., 2007) , rats (Mikhail, 1963) , rabbits (Billingham and Russell, 1956; Breedis, 1954) and humans (Beachkofsky et al., 2011; Kligman and Strauss, 1956) . Even though the importance of the 3D environment in the restoration of dermal papilla inductivity has been recently demonstrated (Higgins et al., 2013) , none of the existing in vivo models could explore the effects of the natural ECM on scar formation and skin appendage regeneration due to the lack of in vivo decellularization methods. The IRE injury model used in this study provides a viable in vivo tool to study the tissue regeneration following cellular ablation in the setting for preserved ECM. This model provides an opportunity to study the effect of naïve structure on wound healing. The major limitation of this study was the chosen animal species as the rodent skin structure and wound healing is different from that of human skin. Yet, the ability to eliminate the cells in the area without damaging ECM structure is important for basic research projects aimed at studying skin cellular development, structure formation, scarring and interactions of stem cells with their niches, and have traditionally been performed in rodent models (Hsu et al., 2014; Seifert et al., 2012) .
Our study provides detailed information on the dynamics of wound healing after IRE. These dynamics are important for treatment monitoring. Our findings provide a new direction for research on wound healing and tissue scarless regeneration, using pulsed electric fields as a method to achieve decellularization (Sano et al., 2010) . Such in vivo decellularization could be used for basic studies on cell migration patterns and differentiation at various skin compartments, information useful for skin development, wound healing and cancer research. Furthermore, this could help in elucidating the mechanisms of skin regeneration by providing an acellular injury micro-environment. In addition, this acellular environment could be used in the future for cell transplantations studies and therapies, providing new treatments for skin abnormalities for patients. In addition, our data suggest that the preservation of the architecture of the ECM in IRES and the reduction in levels of MCP-1 and MIP-1α, as compared with burns, promote scarless healing and the formation of hair follicles, sebaceous glands, panniculus carnosus and arrector pili muscle. In contrast, the damage caused by burn injury provokes increased fibrosis and ultimately leads to the formation of a scar. In addition to the mechanistic insight of the role played by the ECM in tissue regeneration, it would be necessary to unravel the molecular signalling enabled by the preservation of the ECM. Future work will address how the orientation and structure of the ECM is guiding attachment patterns of signalling molecules, cell migration, differentiation and morphogenesis. Additional studies to elucidate the role of immune cells infiltration in the regenerating IRES in comparison to the infiltration in the non-regenerating BS, and study the source of cells that contribute to appendages formation are warranted. We believe that our model of scarless healing in mammals using IRE ablation will provide a missing key-element for regeneration of entire organs and the study of morphogenesis. This model can be used in further studies in combination with specific cell type depletion to understand the role of specific cells during skin. Furthermore, it can be used for cell transplantation or cell lineages tracking studies (Driskell et al., 2013) to understand the sources of appendage regeneration. Finally, pulsed electric field ablation may provide a new method to study and modulate the stem cell niche (Lane et al., 2014) , a critical element in tissue regeneration.
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